CCAAT/enhancer-binding protein (C/EBP␣) can appoint mouse bone marrow (MBM) cells to the osteoclast (OC) lineage for osteoclastogenesis. However, whether C/EBP␣ is also involved in OC differentiation and activity is unknown. Here we demonstrated that C/EBP␣ overexpression in MBM cells can promote OC differentiation and strongly induce the expression of the OC genes encoding the nuclear factor of activated T-cells, c1 (NFATc1), cathepsin K (Cstk), and tartrate-resistant acid phosphatase 5 (TRAP) with receptor activator of NF-B ligandevoked OC lineage priming. Furthermore, while investigating the specific stage of OC differentiation that is regulated by C/EBP␣, our gene overexpression studies revealed that, although C/EBP␣ plays a stronger role in the early stage of OC differentiation, it is also involved in the later stage. Accordingly, C/EBP␣ knockdown drastically inhibits osteoclastogenesis and markedly abrogates the expression of NFATc1, Cstk, and TRAP during OC differentiation. Consistently, C/EBP␣ silencing revealed that, although lack of C/EBP␣ affects all stages of OC differentiation, it has more impact on the early stage. Importantly, we showed that ectopic expression of rat C/EBP␣ restores osteoclastogenesis in C/EBP␣-depleted MBM cells. Furthermore, our subsequent functional assays showed that C/EBP␣ exhibits a dispensable role on actin ring formation by mature OCs but is critically involved in bone resorption by stimulating extracellular acidification and regulating cell survival. We revealed that C/EBP␣ is important for receptor activator of NF-B ligand-induced Akt activation, which is crucial for OC survival. Collectively, these results indicate that C/EBP␣ functions throughout osteoclastogenesis as well as in OC function. This study provides additional understanding of the roles of C/EBP␣ in OC biology. C/EBP␣ 3 is a transcription factor of the C/EBP family of transcription factors, and members of this family share a conserved . 3 The abbreviations used are: C/EBP␣, CCAAT/enhancer-binding protein ␣;
leucine zipper dimerization domain (1) . C/EBP␣ is critical for hematopoiesis and granulopoiesis in particular through induction of myeloid lineage-specific genes and regulation of the cell cycle for cell differentiation (2, 3) . Thereby, C/EBP␣ can couple cell lineage commitment to terminal cell differentiation (4, 5) . This is underscored by studies demonstrating that global deletion of the C/EBP␣ gene in mice (C/EBP␣ Ϫ/Ϫ mice) causes early death and a lack of mature granulocytes aside from other issues related to defective homeostasis (6) (7) . Consistently, conditional deletion of the C/EBP␣ gene in adult mice impedes the differentiation of granulocytes, leading to an increase in myeloblasts (8) . As a result, mutations that affect C/EBP␣ expression and/or function have been shown to be strongly associated with certain types of acute myeloid leukemia in humans (4, 9, 10) . Notably, we have recently revealed a novel role for C/EBP␣ in osteoclastogenesis by mediating the commitment of OC precursors from the hematopoietic cell lineage into the OC lineage (11) .
OCs are polykaryon bone-resorbing cells that are critical for skeletal development and bone homeostasis (12) . Moreover, OCs are implicated in the pathogenesis and morbidity of numerous bone diseases, including periodontitis, rheumatoid arthritis, and post-menopausal osteoporosis (12, 13) . OCs differentiate from cells of the monocyte/macrophage linage upon stimulation by M-CSF and RANKL (14) . Although M-CSF mainly promotes the proliferation of OC precursors, RANKL is responsible for OC differentiation and is also crucial for the survival and activity of mature OCs (15, 16) . Specifically, binding of RANKL to its receptor, RANK, on the cell surface of OC progenitors transduces intracellular signaling, leading to activation of many critical OC transcription factors, including NFATc1, the master regulator of OC differentiation (17, 18) . In fact, NFATc1 is essential for the induction of numerous OC markers, including Cstk, an OC-specific gene, during osteoclastogenesis (17, 19, 20, 21) .
To elucidate the molecular events by which specific factors mediate the commitment of OC precursors into the OC lineage for osteoclastogenesis, we have recently mapped the critical cis-regulatory element in the Cstk promoter and identified C/EBP␣ as its critical cis-regulatory element-binding protein (11) . We revealed that C/EBP␣ is highly expressed in OCs. Furthermore, our forced expression studies revealed that C/EBP␣ can appoint MBM cells, widely used as primary OC precursors, into the OC lineage and thereby up-regulate OC genes independently of RANKL, indicating that C/EBP␣ can induce OC line-age priming. Consistent with this notion, we have reported that newborn C/EBP␣ Ϫ/Ϫ mice display a severe osteopetrotic phenotype from impaired OC development. However, it remains unclear whether the defective OC formation observed in this previous study stems from a defect in OC lineage commitment or whether it is the result of the requirement for C/EBP␣ in other stages of osteoclastogenesis.
In this study, we investigated the roles of C/EBP␣ in OC differentiation and function in vitro by utilizing both gainof-function and loss-of-function strategies. This study has not only expanded our understanding of the roles of C/EBP␣ in OC biology but has also further supported the potential of C/EBP␣ as a promising therapeutic target for bone loss stemming from bone disorders of excessive OC formation and/or activity.
Experimental Procedures
Chemicals and Biological Reagents-All chemicals were purchased from Sigma. Synthetic oligonucleotides were obtained from Life Technologies. Recombinant mouse RANKL (catalog no. 462-TEC) and M-CSF (catalog no. 416-ML) were from R&D Systems. Anti-FLAG antibody (catalog no. F1804-1 mg) was purchased from Sigma. Anti-C/EBP␣ (catalog no. SC-61) and ␤-actin (catalog no. SC-81178) antibodies were from Santa Cruz Biotechnology. Anti-Akt (catalog no. 4685S) and anti-pAkt (catalog no. 2965S) were from Cell Signaling Technology.
Construct Generation-The pMX-puro-3ϫFLAG vector was engineered by cloning a synthesized 3ϫFLAG oligonucleotide into the pMX-puro vector (22) . The pMX-puro-3ϫFLAG-p42C/EBP␣ (FLAG-C/EBP␣) and pMX-puro-3ϫFLAG-p30C/ EBP␣ (rat C/EBP␣) constructs were prepared by first amplifying mouse p42C/EBP␣ and rat p30C/EBP␣ cDNAs from the pSport6-C/EBP␣ (Addgene) and pcDNA3.1-ratC/EBP␣ (Addgene) vectors, respectively. The amplified cDNAs were then subcloned in-frame with the 3ϫFLAG sequence into the pMxpuro-3ϫFLAG vector. The constructs were confirmed by sequencing. The pMX-puro-GFP vector was generated in a previous study (23) .
Retroviral/Lentiviral Infection of MBM Cells-For retroviral infection, the retrovirus 293GPG packaging cell line was cultured in DMEM supplemented with 10% heat-inactivated FBS, G418, tetracycline, penicillin/streptomycin, and puromycin as described previously (24) . 293GPG cells were then transiently transfected with pMX retroviral constructs using the calcium phosphate precipitation method (25) . The virus supernatant was collected at days 2, 3, and 4 after transfection. For lentiviral transfection, C/EBP␣ shRNA or scramble shRNA lentiviral constructs from Sigma and packaging vectors were co-transfected into 293T cells using the calcium phosphate precipitation method (25, 26) . The virus supernatant was harvested 60 h after transfection. The virus supernatant was then utilized to infect MBM cells for osteoclastogenesis assays.
In Vitro Osteoclastogenesis Assays-MBM cells were isolated from long bones of 4-to 6-week-old C57BL/6 mice as described previously (23, 27) . Briefly, MBM cells (5 ϫ 10 4 cells/well) were cultured in 24-well culture dishes in ␣-minimal essential medium supplemented with 10% heat-inactivated FBS and M-CSF (20 ng/ml) for 48 h. Some cells were submitted to osteoclastogenesis assays as indicated in individual experiments. Other cells were infected with virus in the presence of M-CSF (10 ng/ml) and Polybrene for 24 h before being submitted to osteoclastogenesis assays (23) . For rescue osteoclastogenesis assays, MBM cells were first infected with a lentivirus for 24 h to deplete C/EBP␣ and then infected with a retrovirus encoding rat C/EBP␣ for 24 h to rescue C/EBP␣ expression as described previously (23, 28) . At the end of the osteoclastogenesis assays, all cells were stained for TRAP activity using a leukocyte acid phosphatase kit (catalog no. 387-A, Sigma) according to the instructions of the manufacturer. Assay quantification was carried by counting or accessing the size of the multinucleated TRAP-positive cells (more than three nuclei) in representative areas. The experiments involving mice were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee.
Actin Ring and Acridine Orange (AO) Staining-MBM cells (5 ϫ 10 4 cells/well) were treated as indicated in individual experiments. Actin ring staining was performed as described previously (23, 29) . Briefly, cells were fixed with 4% paraformaldehyde for 10 min and then treated with 0.1% Triton X-100 in PBS for 10 min before staining with Alexa Fluor 488 phalloidin in PBS for 20 min. AO staining was also performed as described previously (29) . Cells were incubated with 5 g/ml AO solution in ␣-minimal essential medium at 37°C for 15 min and then washed with PBS. Cells were imaged using a light-emitting diode fluorescence microscope (DM3000, Leica), and a representative image from each assay is shown.
In Vitro Bone Resorption Assays-Bone resorption analysis was carried as described previously (30, 31) . Briefly, MBM cells (5 ϫ 10 4 cells/well) seeded on bovine cortical bone slices were treated as indicated in individual experiments. Bone slices were then collected, and cells were removed with 0.25 M ammonium hydroxide and mechanical agitation. Bone resorption pits were imaged by a FEI Co. Quanta TM 650 FEG SEM (30) at the University of Alabama at Birmingham School of Engineering or stained with hematoxylin as described previously (31) . A representative area from each assay was shown. Data were quantified by measuring the percent resorbed areas in three random areas using ImageJ software from the National Institutes of Health.
Western Blotting Analysis-Western blotting analysis was performed as described previously (32) . Briefly, protein lysate was prepared and submitted to gel electrophoresis. Membranes were washed, and enhanced chemiluminescence detection was carried using Luminata Forte HRP substrate from Millipore. Membranes were visualized using a C-DiGit blot scanner and Image Studio software from Li-Cor.
Quantitative Real-time PCR (qPCR) Analysis-qPCR analysis was carried out as described previously (11) . Briefly, MBM cells were treated as indicated in individual experiments, and total RNA was collected using TRIzol reagent (Life Technologies). 1 g of total RNA was used for cDNA synthesis by reverse transcription using SuperScript VILO TM Master Mix (Life Technologies) according to the instructions of the manufacturer. qPCR reactions were carried using Fast SYBR Green Master Mix reagent (Life Technologies). PCR conditions and primer sequences are available upon request. Hypoxanthineguanine phosphoribosyl transferase (Hprt) was used as an endogenous control for normalization.
Statistical Analysis-Data are reported as mean Ϯ S.D. Statistical significance was assessed using Student's t test. p Ͼ 0.05 was considered significant.
Results

C/EBP␣ Overexpression Can Mediate OC Differentiation and Strongly Induce Gene Expression with RANKL-evoked Lineage
Priming-We have recently shown that forced expression of C/EBP␣ can reprogram MBM cells into OC-like cells and thereby primes these cells into the OC lineage for osteoclastogenesis in the absence of RANKL (11) . To further examine the role of C/EBP␣ in OCs, we first wanted to confirm this previous finding by using the 293GPG retroviral system for gene expression (24) . As expected, C/EBP␣ overexpression in MBM cells could initiate osteoclastogenesis by generating TRAP-positive mononucleated cells independently of RANKL compared with a GFP control (supplemental Fig. 1A ). Various studies have demonstrated that RANKL mediates OC formation by inducing the expression of various genes, including NFATc1, Cstk, and TRAP (21, 33, 34) . To confirm the ability of C/EBP␣ to mediate OC lineage priming, we examined its ability to induce the expression of the aforementioned OC genes independently of RANKL. C/EBP␣ overexpression in MBM cells significantly up-regulated the expression of NFATc1, TRAP, and Cstk without RANKL stimulation (supplemental Fig. 1B ). These results replicate our previous finding and thus confirm that C/EBP␣ can mediate OC lineage commitment in the absence of RANKL.
Next we focused on OC differentiation to investigate whether C/EBP␣ is also required beyond the lineage priming stage of osteoclastogenesis. It was reported that, although treatment of MBM cells with permissive levels of RANKL is unable to promote OC differentiation, these RANKL doses are sufficient to commit MBM cells into the OC lineage for TNF-␣and IL-1-mediated OC differentiation (23, (35) (36) (37) . Hence, we utilized this strategy to examine the role of C/EBP␣ in OC differentiation. The permissive levels of RANKL required for OC lineage commitment is about one-tenth of the optimal RANKL dosage (10 ng/ml) utilized in standard in vitro osteoclastogenesis assays involving M-CSF and RANKL (11) . Hence, we overexpressed C/EBP␣ in the presence of 1 ng/ml RANKL to promote OC differentiation with RANKL-induced lineage commitment ( Fig. 1 ). MBM cells overexpressing C/EBP␣ or expressing the GFP control, as confirmed by Western blotting analysis ( Fig. 1A) , were submitted to osteoclastogenesis assays ( Fig. 1B) . Although MBM cells expressing GFP or overexpressing C/EBP␣ formed numerous OCs with M-CSF and 10 ng/ml RANKL, the C/EBP␣ overexpressers generated significantly more OCs than the GFP controls ( Fig. 1C) . Interestingly, only the cells overexpressing C/EBP␣, but not the GFP expressers, could promote OC differentiation with permissive RANKL doses, indicating that C/EBP␣ overexpression can stimulate OC differentiation (Fig. 1, B and C) . Furthermore, our data showed that C/EBP␣ overexpression did not induce a signifi-cant increase in OC size compared with the control cells ( Fig. 1 , D and E). To elucidate the molecular basis of the role of C/EBP␣ in OC differentiation, we examined the ability of permissive RANKL levels to induce the expression of the aforementioned OC genes in the C/EBP␣ overexpressers. Data showed that permissive RANKL dosages drastically up-regulated the expression of NFATc1, Cstk, and TRAP in MBM cells overexpressing C/EBP␣ compared with the GFP controls during OC differentiation ( Fig. 1F ).
Given this new finding regarding the role of C/EBP␣ in OC differentiation ( Fig. 1 ), we then sought to isolate the specific stage of OC differentiation that is regulated by C/EBP␣ (Fig. 2) . Standard osteoclastogenesis assays require the stimulation of OC precursors with M-CSF and RANKL for 4 -5 days (11, 23, 27, 36) , so we infected MBM cells with a virus encoding the C/EBP␣ gene or GFP control in different stages of osteoclastogenesis to investigate the effects of C/EBP␣ overexpression in OC differentiation ( Fig. 2A ). Previous studies showed that treatment of MBM cells with M-CSF and RANKL for 12-24 h can commit these cells to the OC lineage for osteoclastogenesis (38, 39) , so we overexpressed the C/EBP␣ gene on day 1, 2, or 3 of osteoclastogenesis to investigate its role in OC differentiation. C/EBP␣ overexpression on day 1, 2, or 3 of osteoclastogenesis, as confirmed by Western blotting analysis ( Fig. 2B ), could induce OC differentiation with permissive RANKL dosages ( Fig. 2 , C, bottom row versus center row, and D) compared with GFP controls. However, we noticed that C/EBP␣ played a stronger role in the early stage (day 1) than later stage (day 2 or 3) of osteoclastogenesis, as substantiated by OC numbers (Fig.  2C ). Consistently, culture of the C/EBP␣ overexpressers with M-CSF and 10 ng/ml RANKL generated more OCs from cells in which C/EBP␣ was overexpressed in the early stage of osteoclastogenesis than from cells in which C/EBP␣ was overexpressed in the later stage ( Fig. 2 , C, bottom row, and E). In line with our previous data (11), we found that C/EBP␣ overexpression on day 0 of osteoclastogenesis gave rise to more OCs than its overexpression on either day 1, 2, or 3 (data not shown), further confirming the role of C/EBP␣ in OC lineage priming in addition to its role in OC differentiation. However, the stronger effect of C/EBP␣ overexpression in the early stage of OC differentiation compared with the later stage may result from the different duration of C/EBP␣ overexpression in these osteoclastogenesis assays. Therefore, in a modified experiment, we cultured all cells for 4 days after C/EBP␣ overexpression in the different stages of OC differentiation (Fig. 2F ). Our results confirmed that C/EBP␣ overexpression in the early stage of osteoclastogenesis exhibited a stronger role in OC differentiation compared with GFP controls (Fig. 2 , G-I). Moreover, C/EBP␣ overexpressers treated with M-CSF and 10 ng/ml RANKL generated more OCs than the GFP control cells (Fig. 2, E and I) . Taken together, these results show that C/EBP␣ can promote OC differentiation by strongly inducing gene expression from RANKL-primed MBM cells.
C/EBP␣ Silencing Inhibits OC Differentiation and Markedly Abrogates Gene Expression-To further investigate the role of C/EBP␣ in OC differentiation, we utilized a loss-of-function strategy to examine the impact of C/EBP␣ silencing on osteoclastogenesis (supplemental Fig. 2 and Fig. 3 ). We were able to knock down the C/EBP␣ gene using three of five C/EBP␣ shRNA constructs (C/EBP␣ shRNA 1, 3, and 5) that were purchased from Sigma (supplemental Fig. 2, A and B) . The ability of MBM cells expressing C/EBP␣ shRNA 1, 3, or 5 to promote osteoclastogenesis was drastically inhibited compared with scramble controls (supplemental Fig. 2, C and D) . Notably, MBM cells expressing C/EBP␣ shRNA 2 or 4, which were unable to suppress C/EBP␣ expression (supplemental Fig. 2, A  and B) , failed to inhibit osteoclastogenesis (supplemental Fig. 2 , C and D), confirming the specificity of C/EBP␣ shRNA constructs 1, 3, and 5 in inhibiting osteoclastogenesis. Because C/EBP␣ shRNA constructs 1 and 5 can drastically inhibit osteoclastogenesis (supplemental Fig. 2C ), these two shRNA constructs were chosen to further examine the role of C/EBP␣ in OC differentiation (Fig. 3, A-D) . Similar to C/EBP␣ overex-pression in different stages of OC differentiation (Fig. 2) , we infected MBM cells with a virus encoding C/EBP␣ shRNAs or the scramble control on day 1, 2, or 3 of osteoclastogenesis ( Fig.  3 ) to examine the impact of C/EBP␣ silencing on OC differentiation. We found that C/EBP␣ silencing in the early stage (day 1) of osteoclastogenesis had a stronger inhibitory effect on OC formation than the later stage (day 2 or 3) ( Fig. 3 , B-D), confirming that C/EBP␣ plays a stronger role in the early stage of osteoclastogenesis. Nevertheless, the stronger effect of C/EBP␣ silencing in the early stage of osteoclastogenesis compared with the later stage may result from the different duration of C/EBP␣ silencing in these osteoclastogenesis assays. Therefore, in a modified experiment, we cultured all cells for 4 days after C/EBP␣ silencing in the different stages of OC differentiation (Fig. 3E ). Our results further confirmed that C/EBP␣ silencing in the early stage of osteoclastogenesis exhibited a stronger role in OC differentiation compared with the scramble control (Fig.  3, F and G) . Furthermore, our gene expression analysis showed that C/EBP␣ depletion drastically abrogated the expression of NFATc1, Cstk, and TRAP during OC differentiation (Fig. 3H) .
Role of C/EBP␣ Is Osteoclast Differentiation and Function
The results show that C/EBP␣ silencing impedes OC differentiation by blunting gene expression.
Ectopic Expression of Rat C/EBP␣ Can Restore Osteoclastogenesis in C/EBP␣-depleted MBM Cells-The C/EBP␣ gene is highly homologous between mouse and rat and has two natural FIGURE 3. C/EBP␣ silencing has a stronger impact in the early stage of OC differentiation and drastically suppresses gene expression. A, schematic of the research strategy for B-D. B, MBM cells were infected with a lentivirus encoding scramble shRNA control (Scr-sh) or C/EBP␣ shRNA constructs 1 or 5 (C/EBP␣-sh 1 or 5) on day 1, 2, or 3 of osteoclastogenesis in the presence of M-CSF (10 ng/ml) for 24 h. The cultures were then continued for 5 days with M-CSF alone. Gene expression was examined by Western blotting using ␤-actin as a loading control. C, the same set of assays as in B were repeated, but cells were infected with a lentivirus for 24 h while undergoing treatment with M-CSF (10 ng/ml) plus RANKL (10 ng/ml) for 5 days. D, quantification for C from at least three independent experiments. E, schematic of the research strategy for F and G. F, MBM cells were infected with a lentivirus encoding Scr-sh or C/EBP␣-sh 1 or 5 on day 1, 2, or 3 of osteoclastogenesis with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 24 h. Following the infection, all cells were cultured with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 4 days. The cultures in C and F were then stained for TRAP activity. G, quantification for F from three independent experiments. H, MBM cells expressing Scr-sh or C/EBP␣-sh 1 or 5 were stimulated with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 3 days. JULY 29, 2016 • VOLUME 291 • NUMBER 31
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isoforms: the fully translated protein (p42) and a shorter protein (p30) that lacks the first 117 amino acids at the N terminus (40) . To confirm the role of C/EBP␣ in OC differentiation, we rescued C/EBP␣ expression after shRNA-induced gene silencing to investigate its impact on OC differentiation (Fig. 4) . Because the region targeted by C/EBP␣ shRNA construct 5 is located around nucleotides 98 -130 of the 5Ј end of C/EBP␣ cDNA, we used rat p30C/EBP␣ cDNA, which lacks this region, to rescue C/EBP␣ expression after gene silencing (Fig. 4A ). Although C/EBP␣ depletion followed by GFP expression failed to promote osteoclastogenesis with 10 ng/ml RANKL, ectopic expression of rat C/EBP␣ in C/EBP␣-depleted cells submitted to the same treatment could restore osteoclastogenesis (Fig. 4,  B and D) . As expected, expression of GFP or rat C/EBP␣ in MBM cells expressing scramble shRNA controls could mediate osteoclastogenesis with 10 ng/ml RANKL (Fig. 4, B-D) . Importantly, only MBM cells doubly expressing either C/EBP␣ shRNA and rat C/EBP␣ or scramble shRNA and rat C/EBP␣ could mediate osteoclastogenesis with permissive RANKL doses but not MBM cells expressing C/EBP␣ shRNA and GFP control or scramble shRNA and the GFP control (Fig. 4, B and  C) . These results confirm that C/EBP␣ is critical for OC differentiation.
C/EBP␣ Is Important for OC Activity-Upon finding that C/EBP␣ is also involved in OC differentiation aside from its previously identified role in OC lineage commitment (11), we investigated whether C/EBP␣ is still required beyond OC differentiation by examining its role in OC function. Toward this end, MBM cells were first differentiated into pre-OCs and then infected with a retrovirus to overexpress the C/EBP␣ gene (Fig.  5A) , which was then continued with RANKL stimulation to form mature OCs for examination of actin ring formation, a critical feature of mature OCs, and extracellular acidification, critical for OC activity (Fig. 5B) and to promote bone resorption by mature OCs (Fig. 5, C and D, and supplemental Fig. 3 ). As negative controls, GFP expressers or C/EBP␣ overexpressers cultured with M-CSF alone remained mononucleated and did not form any actin ring (Fig. 5B, columns 1 versus 3, top row) . Interestingly, C/EBP␣ overexpressers cultured with M-CSF alone showed extracellular acidification by mononucleated cells as compared with GFP controls (Fig. 5B, columns 2 versus 4, top row). As expected, GFP expressers or C/EBP␣ overexpressers treated with 10 ng/ml RANKL formed numerous OCs assessed by actin ring formation (Fig. 5B, column 1 versus column 3, bottom row) and extracellular acidification (41, 42) (Fig.  5B, column 2 versus column 4, bottom row) . Notably, although C/EBP␣ overexpressers treated with permissive RANKL doses formed many Ocs, as substantiated by actin ring formation (Fig.  5B, column 3, center row) and extracellular acidification (Fig.  5B, column 4, center row) , GFP expressers submitted to the same treatment remained mononucleated and formed no actin ring (Fig. 5B, column 1, center row) but showed little extracellular acidification by mononucleated cells (Fig. 5B, column 2,  center row) . These results indicate that C/EBP␣ overexpression does not influence actin formation but can stimulate extracellular acidification in mature OCs. Consistent with the role of 
. C/EBP␣ overexpression does not modulate actin ring formation but stimulates bone resorption by OCs.
A, MBM cells were first treated with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 2 days (d) before infection with a retrovirus encoding the GFP control (GFP) or FLAG-C/EBP␣ (C/EBP␣) for 1 day. The treatments were then continued for 2 more days. Gene expression was examined by Western blotting using ␤-actin as a loading control. B, the same set of assays as in A was repeated, and some cells were stained with Alexa Fluor 488-phalloidin (Phalloidin Staining) for actin ring analysis, and others were submitted to AO staining (AO Staining) for analysis of extracellular acidification in three independent experiments. Scale bars ϭ 200 m. C, the same set of experiments as in A was carried out with cells seeded on bone slices, but after infection, the cells were cultured for 5 more days before SEM analysis of the bone resorption pits. D, quantification for the bone resorption assays shown in C from three independent experiments. The numbers in parentheses show concentration in nanograms per milliliter. Error bars show mean Ϯ S.D. *, p Ͻ 0.05. JULY 29, 2016 • VOLUME 291 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 16397 C/EBP␣ in extracellular acidification, we found that C/EBP␣ overexpression significantly promoted bone resorption with 10 ng/ml RANKL, as assessed by SEM analysis (Fig. 5, C, bottom row, and D) or hematoxylin staining of the bone resorption pits (supplemental Fig. 3 ). Moreover, although GFP expressers treated with permissive RANKL doses barely induced bone resorption, C/EBP␣ overexpressers submitted to this treatment strongly induced bone resorption ( Fig. 5, C, center row, and D, and supplemental Fig. 3 ).
Role of C/EBP␣ Is Osteoclast Differentiation and Function
To confirm this finding, we turned to our loss-of-function strategy to examine the effect of C/EBP␣ depletion on OC activity ( Fig. 6 and supplemental Fig. 4 ). MBM cells were differentiated into pre-OCs and then infected with a virus to ablate C/EBP␣ expression ( Fig. 6A) , which was then continued with RANKL stimulation to generate mature OCs for examination of actin ring formation and extracellular acidification ( Fig. 6B) or to promote bone resorption by mature OCs (Fig.  6, C and D, and supplemental Fig. 4 ). C/EBP␣ silencing gave rise to fewer OCs than scramble controls but did not affect actin ring formation (Fig. 6B, left column) . Fascinatingly, C/EBP␣ silencing markedly affected extracellular acidification by mature OCs, as assessed by AO staining (Fig. 6B) . Moreover, C/EBP␣ depletion drastically abrogated bone resorption by OCs, as assessed by SEM analysis (Fig. 6, C and  D) and hematoxylin staining of the bone resorption pits (supplemental Fig. 4 ). Taken together, these findings indicate that, although C/EBP␣ is dispensable for the actin ring, it is crucially involved in extracellular acidification and bone resorption by mature OCs.
C/EBP␣ Can Regulate Cell Survival-Given the drastic impact of C/EBP␣ silencing on osteoclastic bone resorption ( Fig. 6 and supplemental Fig. 4 ), we reasoned that C/EBP␣ FIGURE 6. C/EBP␣ silencing does not affect actin ring formation but attenuates bone resorption by OCs. A, MBM cells were first treated with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 2 days before infection with a lentivirus encoding scramble shRNA control (Scr-sh) or C/EBP␣ shRNA construct 1 or 5 (C/EBP␣-sh 1 or 5) for 1 day (d). The treatments were then continued for 2 more days. Gene expression was examined by Western blotting using ␤-actin as loading control. B, the same set of assays as in A was repeated, and some cells were stained with Alexa Fluor 488-phalloidin (Phalloidin Staining) for actin ring analysis in three independent experiments. The other cells were submitted to AO staining (AO Staining) for analysis of extracellular acidification in three independent experiments. Scale bars ϭ 200 m. C, the same set of experiments as in A was carried out with cells seeded on bone slices, but after infection, the cells were cultured for 5 more days before SEM analysis of the bone resorption pits. D, quantification for the bone resorption assays shown in C from three independent experiments. The numbers in parentheses show concentration in nanograms per milliliter. Error bars show mean Ϯ S.D. *, p Ͻ 0.05. might also regulate cell survival aside from its role in extracellular acidification. This is consistent with the notion that an increase in OC survival by C/EBP␣ may also promote OC activity independently or in concert with an increase in extracellular acidification. In addressing this notion, MBM cells were first differentiated into pre-OCs and then infected with a virus to overexpress C/EBP␣, which was followed by osteoclastogenic treatments to complete a 4-, 6-, and 8-day culture for examination of OC survival by assessing OC numbers (Fig. 7, A-C) . We found that C/EBP␣ overexpression significantly enhanced OC survival from culture with M-CSF and 10 ng/ml RANKL after 4 days of culture ( Fig. 7A ) but only slightly enhanced OC survival after 6 or 8 days of culture (Fig. 7, B and C) compared with GFP controls. Interestingly, we noticed that, although C/EBP␣ overexpression generated few OCs with permissive RANKL doses that survived through 8 days of culture, GFP controls formed no OCs, further confirming the role of C/EBP␣ in OC differentiation ( Fig. 7, A-C) . Numerous studies have reported that RANKL can promote OC survival by activating the Akt signaling pathway in OC precursors (43) (44) (45) (46) (47) . Hence, we examined the ability of C/EBP␣ overexpression to activate this pathway in MBM cells. However, the ability of C/EBP␣ overexpression to stimulate RANKL-induced Akt activation in MBM cells overexpressing the C/EBP␣ gene was similar to that of GFP controls (Fig. 7D) , indicating that C/EBP␣ overexpression does not modulate RANKL-induced Akt activation to promote cell survival.
Finally, we repeated these survival experiments using the loss-of-function strategy by silencing the C/EBP␣ gene (Fig. 8) . Fascinatingly, C/EBP␣ depletion drastically attenuated OC survival after 4, 6, and 8 days of culture, as assessed by a decrease in OC numbers (Fig. 8A) . Consistently, C/EBP␣ ablation suppressed Akt activation by RANKL in MBM cells (Fig. 8B) . Collectively, the data show that C/EBP␣ is critical for OC activity by also regulating cell survival.
Discussion
We have previously reported that C/EBP␣ is essential for OC lineage commitment, but its roles in terminal osteoclastogenesis and OC activity remain unresolved. This study was aimed at addressing these critical issues.
C/EBP␣ Can Mediate OC Differentiation in Precommitted MBM Cells-The C/EBP␣ protein was initially identified based on its ability to interact with gene promoters (1) and has two natural isoforms. p42C/EBP␣ has two transcription activation domains (TAD1 and TAD2) at the N terminus and a basic leucine zipper domain at the C terminus. p30C/EBP␣ lacks the first 117 amino acids of the N terminus, which include the TAD1 region (48) . Although the TAD1 and TAD2 domains can recruit co-activators and remodeling complex, the basic leucine zipper domain is important for protein interaction and DNA binding for gene expression (40) . In addressing the role of C/EBP␣ in OC differentiation, we first utilized a gain-of-function strategy to overexpress p42C/EBP␣ in MBM cells in the presence of permissive RANKL levels to promote OC differentiation. We adopted this strategy to investigate whether C/EBP␣ is required beyond the lineage priming of osteoclastogenesis. We showed that C/EBP␣ overexpression can induce OC differentiation. In deciphering the specific stage of osteoclastogenesis that is regulated by C/EBP␣, we showed that C/EBP␣ functions throughout osteoclastogenesis but plays a more critical role in the early stage. This finding is consistent with our previous report that further supports the role of C/EBP␣ in lineage commitment while also elucidating its novel role in OC differentiation (11) . In addressing the molecular basis of the role of C/EBP␣ overexpression in OC differentiation, we showed that C/EBP␣ overexpression can drastically promote the expression of OC genes with permissive levels of RANKL.
C/EBP␣ Silencing Abrogates OC Differentiation-Moreover, our C/EBP␣ silencing studies not only reinforce our findings that C/EBP␣ functions throughout OC differentiation but also supports that C/EBP␣ is more critical for the early stage of OC differentiation. In confirming the molecular basis of the requirement of C/EBP␣ in OC differentiation, C/EBP␣ ablation drastically abrogates the expression of the OC gene during differentiation. Finally, we confirmed the role of C/EBP␣ in OC differentiation by rescuing osteoclastogenesis in C/EBP␣-depleted cells via ectopic expression of rat p30C/EBP␣. We noted that rat p30C/EBP␣ only partially mediates osteoclastogenesis compared with mouse p42C/ EBP␣ (data not shown). The inability of rat p30C/EBP␣ to fully mediate osteoclastogenesis in these assays stems from the lack of the TAD1 region (49, 50) . Nonetheless, rat p30C/ EBP␣ retains the TAD2 domain, which can compensate for the loss of the TAD1 domain by functioning with the basic leucine zipper region to promote cell differentiation (40) . Notably, the ability of rat p30C/EBP␣ to restore osteoclastogenesis in our assays is consistent with another study reporting that p30C/EBP␣ can also promote adipocyte differentiation (48) .
C/EBP␣ Promotes OC Activity by Stimulating Extracellular Acidification and Regulating Cell Survival-We showed that, although C/EBP␣ plays no overt role in actin ring formation, C/EBP␣ is critical for extracellular acidification (29) , indicating that C/EBP␣ is crucial for osteoclastic bone resorption. Although our gene expression analyses suggest that the ability of C/EBP␣ to activate OC genes may account for its role in bone resorption, we suspected that C/EBP␣ might also promote OC function by other mechanisms. Hence, we have previously reported that C/EBP␣ does not play any roles in the activation of the NF-B and p38 signaling pathways in OC precursors, which are important for OC survival (51) (52) (53) (54) . We thus focused on investigating whether C/EBP␣ could activate the Akt signaling pathway in OC precursors, which has also been reported to be a strong regulator of OC survival (54 -57) . We revealed that C/EBP␣ can induce Akt activation to promote OC survival (58, 59) . Importantly, this finding also suggests that a threshold level of C/EBP␣ may be required for effective Akt activation and that a drastic increase in C/EBP␣ expression may not substantially enhance Akt activation by RANKL. Hence, C/EBP␣ can modulate OC activity by inducing gene expression, stimulating extracellular acidification, and regulating cell survival. However, it remains to be investigated how C/EBP␣ can stimulate extracellular acidification in OCs. We speculate that C/EBP␣ may modulate the FIGURE 7 . Analysis of the role of C/EBP␣ overexpression in OC survival. A-C, C/EBP␣ overexpression slightly enhances OC survival. MBM cells were first treated with M-CSF (10 ng/ml) and RANKL (10 ng/ml) for 2 days (d) before infection with a retrovirus encoding the GFP control (GFP) or FLAG-C/EBP␣ (C/EBP␣) for 1 day in the presence of M-CSF (10 ng/ml) alone, M-CSF (10 ng/ml) plus RANKL (1 ng/ml), or M-CSF (10 ng/ml) plus RANKL (10 ng/ml). The cultures were then continued to complete a 4-day (A), 6-day (B), and 8-day culture (C). The cultures were stained for TRAP activity. Quantification is shown in the right panels from at least three independent experiments. Scale bars ϭ 200 m. D, C/EBP␣ overexpression does not enhance RANKL-induced Akt activation in MBM cells. MBM cells expressing GFP or overexpressing C/EBP␣ were treated with RANKL (10 ng/ml) as indicated. The activation of the Akt pathway was assessed by Western blotting as phosphorylation of Akt using total Akt as a loading control in three independent experiments. The numbers in parentheses show concentration in nanograms per milliliter. Error bars show mean Ϯ S.D. *, p Ͻ 0.05; NS, not significant. expression of specific genes, such as carbonic anhydrase II, vacuolar H ϩ -ATPase and chloride channel ClC-7, which are known to play roles in OC acidification.
In summary, our data reveal that C/EBP␣ is critical for OC differentiation and activity aside from its previously reported role in OC lineage priming (11) . It is likely that C/EBP␣ func- JULY 29, 2016 • VOLUME 291 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 16401 tions in a complex with different proteins at different stages of osteoclastogenesis to exert its actions. We anticipate that identification of the partners with which C/EBP␣ interacts will be crucial to enhance our understanding of its roles in OCs. Therefore, future studies are warranted to elucidate the molecular mechanism(s) through which C/EBP␣ functions, potentially in concert with other factors, in OCs.
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